An algorithm is proposed for block-motion estimation and coding characterized by fast computation and very low bitrate. For each block, a spatio-temporal context is defined based on nearest neighbors in the current and previous frames, and a prediction list is built. Then, the best matching vector within the list is chosen as an estimation of the block motion. Since coder and decoder are synchronous, only the index of the selected vector is needed at the decoder to reconstruct the motion field. Furthermore, bitrate saving is achieved through a context-based sorting of the prediction list of each block, which allows to reduce the entropy of the motion indexes. To avoid the propagation of the error, an additional correction vector can be sent when prediction error exceeds a threshold. Tests demonstrate that the proposed method ensures a speed up over 200 as compared to classical full search, achieving at the same time a coding gain above 2, with a negligible loss of accuracy. This allows real-time implementation of VLBR software video coders on conventional PC platforms.
INTRODUCTION
Block-based motion estimation (BME) is widely used in video coders due to the good trade-off between reconstruction quality and bitrate reduction. It defines a sparse array of motion vectors (motion field) associated to a regular block partitioning of the frame. Each vector is estimated by minimizing a local distance measure called Displaced Frame Difference (DFD), which is usually computed as the pixel-by-pixel difference (absolute, square, …) between the target block and the displaced blocks in a reference frame. In full-search approaches, all possible displacement vectors are considered within a predefined search window: this procedure provides the best possible match, but implies a huge computational load, inappropriate for real-time implementations. Several methods have been proposed in the literature to achieve an estimation performance close to full-search BME with a lower computation. A first class of techniques limits the number of DFD measures by choosing a reduced subset of positions within the search window: these methods are referred to as fast search methods [1, 2] , and are usually based on descent algorithms applied to the DFD function. A second class of approaches is based on the reduction of the operations to be performed for each DFD: in [3, 4] the use of decimation strategies is proposed, combined with either full-or fast-search methods; in [5, 6 ] the use of less expensive error measures is suggested. Finally, hierarchical methods represent a third class, where an initial estimation is performed at a coarse scale and progressively refined towards the higher resolution: at each stage only small corrections are introduced [7] . Hierarchical approaches are also used to achieve variable-size BBME [8] , where higher computation/bitrate gains can be obtained by computing a nonuniform motion field. A new class of techniques that is gaining some interest is based on the exploitation of motion field redundancy to achieve effortless vector prediction. An interesting attempt in this sense is provided in [9] , where local correlation is introduced in a multiresolution BME, while in [10, 11] the properties of spatiotemporal redundancy among motion vectors are just used to achieve a more compact description of the field for VLBR video coding. In the present work these concepts are extended and improved in order to attain a real-time BME, which exploits the local spatiotemporal correlation of the motion field. For each block of the frame to be compensated, the algorithm generates a prediction list containing the candidate motion vectors. A properly defined spatio-temporal context is used for this purpose. A reduced number of DFD measures is then required to select the vector within the prediction list that provides the better compensation (target vector). If the compensation error is too high, it is possible to refine the estimated motion vector by using a reduced search window, thus ensuring a low computational effort. Furthermore, in order to decrease the impact of the prediction list, a sorting strategy is applied, that assures lower bitrates. In Section 2 the proposed method is explained in more detail. In Section 3 the experimental results are described and the conclusions are drawn.
CONTEXT-BASED BLOCK MOTION ESTIMATION AND CODING

Spatio-temporal prediction
The idea of using temporal correlation among successive frames to predict the motion field was proposed in the past in the framework of autocompensation techniques [12] . These methods hypothesize a motion invariance (a sort of inertia) between consecutive frames, and extrapolates the motion field at time (t) from the one at time (t-1). Each vector is estimated by summing the adjacent vectors of the previous frame with appropriate weights. This prediction can be considered reliable if the sequence is characterized by slow and continuous motion; on the contrary, in the presence of strong temporal discontinuities it turns out to be very noisy and subject to error propagation. In [11] , a generalization of the autocompensation technique is proposed, aimed at improving the prediction by adding some spatio-temporal information (called autocompensation-with-parameter). The BME algorithm presented in this paper (Context-Based BME, or CB-BME) is a significant evolution of the above technique, targeted to the efficient and low-cost spatiotemporal prediction of the motion field. Figure 1 presents a conceptual scheme of the technique. 4 and l 5 take into account the spatial correlation of the motion field, while the term l 2 and those generated by autocompensation exploit the temporal redundancy; this allows to achieve a more accurate prediction in comparison to methods as in [9] , where block translation is not considered. To ensure the best compensation for b r t ( ) ( ) , motion prediction is performed with an exhaustive search for the vector p r t ( ) ( ) ∈ L r t P ( , ) . This process requires n r t P ( , ) DFD measures, where the number of vectors in the lists is generally not fixed, as it strongly depends on the motion activity of the sequence. Only average values can be estimated for given typologies of video data. Figure 2 -a shows the histogram of the indexes transmitted by CB-BME, applied to a frame of the Flower Garden sequence. Such indexes are used at the decoder to select the correct motion vector within the prediction list. As it can be guessed from the observation of the chart, the statistical distribution of indexes shows a high entropy value (2,64 bits). As a consequence, the number of bits required to encode the prediction values is relatively high. In this paragraph, a lossless technique is introduced that allows to reduce the bitrate for the transmission of the motion field. The technique is based on a sorting operation applied for each block to the vectors belonging to the prediction list. The underlying concept is quite simple: depending on the context, some vectors contained in the prediction list are more likely to be used than others. By associating the most probable vectors to the lower indexes, it is possible to minimize the entropy of the sequence of indexes to be transmitted. Therefore, the encoding algorithm works as follows: 1. perform motion estimation for current block as described in paragraph 2.1 2. consider a region of a maximum of 5x5 blocks (the shaded blocks in Fig. 3) , and compute the usage statistics of the indexes associated to the blocks enclosed in such a region; 3. modify the prediction list by sorting the vectors on the basis of the percentage of occurrence in the contextual area; 4. transmit the index of the selected vector in the ordered list, entropy coded. The statistical distribution of the indexes deriving from the use of this technique is characterized by an effective reduction of the entropy (1.05 bits), and consequently by a lower demand in terms of bits (see Fig. 2-b) . Moreover, it does not require any information overhead, since the decoder is able to build the statistics directly from the decoded stream. 
Entropy minimization in motion stream
Correction of spatio-temporal prediction
The proposed spatio-temporal prediction provides an estimation of the motion field that is usually quite near in terms of DFD to the one produced by the full-search approach. Nevertheless, some corrections are sometimes required, especially in the presence of fast or chaotic motion, to improve the compensation and limit the possible error propagation problems. The refinement is activated on the basis of a threshold T H , applied to the DFD measure of the compensated block. For each estimated motion vector p r t ( ) ( ) that produces an error ) ( min r e p > T H , a correction vector i c is selected by inspecting a search window of dimensions 3x3. At the encoder, a 'correction bit' is sent for each block: if it is 'on', a 3 bit word is sent, which encodes the correction vector. In Fig. 4 , a complete scheme of the CB-BME technique is shown. 
Computational complexity
The computational load of the method is not fixed, and mainly depends onto two factors: the level of temporal activity of the sequence, and the accuracy of the initial motion prediction. The first parameter influences the dimension of the prediction list n r t P ( , ) , while the second affects the number of refinements required, proportional to the probability ( )
The following formula indicates the mean number of DFD measures Γ to be performed per block:
where n p is the mean length of the prediction lists, and N is the length of the correction set C. In Eq. 1, the operations required to build the prediction list are not taken into account since, it can be easily observed that the terms l l 1 5 , ,
can be achieved without any computation, by just addressing the motion field of the reference frame.
RESULTS AND CONCLUSIONS
The CB-BME algorithm was tested on several CIF-and QCIFformat video sequences (Flower Garden, Carphone, Claire and Foreman), keeping fixed the block size B=8 and varying the error threshold T H . The following charts report the results achieved for the test sequence Flower Garden, and provide a comparison with full-search (FS) as well as with two well-known fast search techniques: two-dimensional logarithmic-search (TDL) and cross-search (CS). In all of the competing schemes we used a search window of ±15 pixels. Figs. 5, 6 and 7 show the performance of CB-BME in terms of entropy of the data to be encoded, visual distortion, and computational efficiency. Full-Search-BME CB-BME w/o correction CB-BME Figure 5 . Comparison between FS-BME and CB-BME with and without correction. The comparison underlines the good performance of the proposed scheme, which allows a very fast motion estimation with a sharp reduction of the requested bitrate.
The excellent visual performance of CB-BME is underlined in fig. 8 , where the proposed method is compared with FS in terms of perceived quality for the reconstruction of one frame of the Flower Garden sequence.
(a) (b) Figure 8 . Visual comparison between FS (a) and CB-BME (b) performance (20 th frame, Flower Garden).
In conclusion, an algorithm for video coding is presented that provides a sharp bitrate and complexity reduction over fullsearch. Experimental results show that the method is very advantageous also when compared to other classical fast search methods, for it lowers bitrate, complexity. The trade-off between distortion and complexity can be modulated by means of a simple threshold value, so that the method can be tuned according to the users' needs. Furthermore, the motion field can benefit of a convenient representation that allows to achieve a very compact encoding.
